Preeclampsia (PE) is a complex pregnancy disorder. It is not extensively known how the metabolic alterations of PE women contribute to the metabolism of newborn. We applied liquid chromatographymass spectrometry (LC-MS) based non-targeted metabolomics to determine whether the metabolic profile of plasma from umbilical cord differs between infants born to PE and non-PE pregnancies in the FINNPEC study. Cord plasma was available from 42 newborns born from PE and 53 from non-PE pregnancies. 133 molecular features differed between PE and non-PE newborns after correction for multiple testing. Decreased levels of 4-pyridoxic acid were observed in the cord plasma samples of PE newborns when compared to non-PE newborns. Compounds representing following areas of metabolism were increased in the cord plasma of PE newborns: urea and creatine metabolism; carnitine biosynthesis and acylcarnitines; putrescine metabolites; tryptophan metabolism and phosphatidylcholines. To our knowledge, this study is the first one to apply LC-MS based metabolomics in cord plasma of PE newborns. We demonstrate that this strategy provides a global picture of the widespread metabolic alterations associated with PE and particularly the elevated levels of carnitine precursors and trimethylated compounds appear to be associated with PE at birth.
. The imminent effects on the fetus include prematurity (due to indicated preterm deliveries) and fetal growth impairment 4 . The metabolic alterations of PE women may also contribute to the metabolism of fetus 5 . However, it is not currently well understood to what extent the metabolic changes observed in PE women also affect the newborn.
Metabolomics allows for the concomitant measurement of a wide spectrum of low molecular weight metabolites resulting from endogenous metabolism, dietary intake and gut microbial activity 6, 7 . It has been shown to generate new insights when investigating physiological status due to disease or treatment and thus, may also provide new insights into the pathogenesis of PE. Previously, differential metabolic profiles have been characterized in PE across a variety of analytical platforms, in different maternal biospecimens (placenta, blood, serum, urine and Non-targeted LC-MS metabolite profiling and identification. The sample preparation, instrument parameters and processing of data were performed in the LC-MS Metabolomics Center at Biocenter Kuopio (University of Eastern Finland). An aliquot (100 μL) of stored (−80 °C) plasma samples was mixed with 400 μL of acetonitrile (ACN; VWR International, Leuven, Belgium), and mixed in vortex at maximum speed 15 s, incubated on ice bath for 15 min to precipitate the proteins, and centrifuged at 16 000 × g for 10 min to collect the supernatant. The supernatant was filtered through 0.2 μm PTFE filters. Aliquots of 2 μL were taken from at least half of the plasma samples, mixed together in one tube, and used as the quality control sample in the analysis. Additionally a solvent blank was prepared in the same manner.
The samples were analyzed by the UHPLC-qTOF-MS system (Agilent Technologies, Waldbronn, Karlsruhe, Germany) that consisted of a 1290 LC system, a Jetstream electrospray ionization (ESI) source, and a 6540 UHD accurate-mass qTOF spectrometer. The samples were analyzed using two different chromatographic techniques, i.e. reversed phase (RP) and hydrophilic interaction (Hilic) chromatography. Data were acquired in both positive (+) and negative (−) polarity. The sample tray was kept at 4 °C during the analysis. The data acquisition software was MassHunter Acquisition B.04.00 (Agilent Technologies). The quality control and the blank samples were injected after every 12 samples and also in the beginning of the analysis. The sample order of the analysis was randomized. Details on the technical procedures and parameters have been described earlier by Pekkinen et al. Only signals over compound height threshold of 3000 counts containing at least two ions were included in the compound list. Peak spacing tolerance for isotope grouping was 0.0025 m/z plus 7 ppm, with isotope model for common organic molecules. Data files (.cef-format) were exported to Mass Profiler Professional (Agilent Technologies) for peak alignment. After the first initial alignment, the data were combined in one.cef file, against which the original raw data was reanalyzed. For this recursive analysis, compound mass tolerance was ±15 ppm, retention time ±0.150 min and symmetric expansion value for chromatograms ±35.0 ppm. Resulting compounds were re-exported to Mass Profiler Professional software for peak alignment and data cleanup.
Statistical analyses. Statistical analysis of the metabolite profiling data was performed using univariate and multivariate analysis methods. For univariate analysis, we calculated p-values (Student's t-test, α level = 0.05) and effects sizes (Cohen's d = (mean(cases)-mean(controls)/((SD(cases) + SD(controls))/2)) for comparisons between PE cases and non-PE controls for each molecular feature. Principal component analysis (PCA) was used to analyze overall variance within the samples. Because of the correlative nature of molecular features in a metabolite profile analysis, we used the number of principal components needed to explain 95% of variance in the data to adjust the t-test α level for multiple test correction in the metabolic profiling analysis (Bonferroni's method). Furthermore, we used partial-least-squares discriminant-analysis (PLS-DA) to find out the variables explaining most variation between PE and non-PE subjects. For the PLS-DA, variables were normalized by standard deviation (z-score) and mean centered before analysis. 16 and MassHunter Qualitative Analysis B.07.00 software (Agilent Technologies, USA) for metabolite identification against MSMS spectra found in public and in-house standard libraries. In-house database was generated by analyzing commercial and synthetized chemical standards in the same analytical conditions using the same instrumentation, and comprised of 634 
Results
Maternal and fetal characteristics are presented in the Table 1 . There were no differences in maternal age or body mass index (BMI) between the PE and non-PE groups. All women were non-smoking. PE women had elevated diastolic and systolic blood pressure and proteinuria as expected according to the diagnostic criteria used for PE. The proportion of nulliparous women was higher in the PE group compared with the non-PE group. PE women also suffered more from pre-existing diseases (e.g. chronic hypertension, pregestational diabetes and gestational diabetes) and had more frequently history of PE compared to non-PE women. PE women had more caesarean deliveries than non-PE women. Ten out of 42 PE women received prenatal betamethasone treatment for fetal lung maturation. The newborns of PE pregnancies were born earlier and had smaller absolute and relative birth weight (Table 1 ). There was no difference in the sex distribution of newborns.
In the metabolite profiling analysis we observed a total of 2401 molecular features of which 538 had p-values below 0.05 (Supplementary Table 1 ). Urea, indolecarboxylic acid, 2PY, homocitrulline, indolelactic acid, 1-methylhistidine, creatinine, PC 16:0/16:0, PC 16:0/18:1, and diacetylspermidine were metabolites contributing most to the separation of the groups in the PLS-DA (i.e. had the highest VIP-values, Supplementary Table 1 ). The PLS-DA model had five components with cumulative R2Y of 0.96 (percent of variation explained by the model) and Q2 of 0.57 (percent of variation predicted by the model according to cross validation). In the PCA analysis, total of 77 compounds were needed to explain 95% of the overall variance in the data. This result was used to adjust the t-test α-level to 0.00065 to account for multiple testing (Bonferroni's method). This resulted in total of 133 molecular features which were statistically significantly altered between the umbilical cord plasma of newborns of PE and non-PE pregnancies (Fig. 1 ). The analyses were also re-performed excluding mothers suffering from gestational diabetes but only minor changes were observed (analyses not shown).
Compounds related to urea and creatine metabolism (urea, creatine, creatinine, homocitrulline and guanidinopropionate) were increased in the cord plasma of newborns of PE pregnancies compared to non-PE cord plasma (Fig. 2) . Furthermore, metabolites of carnitine biosynthesis and acylcarnitines were increased [carnitine, trimethyllysine, gamma-butyrobetaine, butyrylcarnitine, octenoylcarnitine and 5-Amino valeric acid betaine (5-AVAB)] in the cord plasma of newborns of PE pregnancies (Fig. 3) .
The newborns of PE pregnancies also showed increased levels of N-methyl-2-pyridone-5-carboxamide (2PY). Moreover, two putrescine metabolites, acetylputrescine and 4-acetamidobutanoate, were increased in the cord plasma of newborns of PE pregnancies. Similarly two metabolites, indolecarboxylic acid and indolelactic acid, associated with tryptophan metabolism were increased in the PE newborns. Furthermore, levels of phosphatidylchlolines (PCs) PC(16:1/18:1), PC(16:0/16:0), and PC(16:0/18:1) were increased in the PE newborns compared to non-PE newborns. Decreased levels of 4-pyridoxic acid was observed in the cord plasma samples of PE newborns.
The correlations between birth weight, SD, gestational weeks and metabolites are presented in Table 2 . The strongest negative associations among PE newborns were found between birth weight, gestational weeks and PCs. The correlation between PC(16:0/16:0) and birth weight is illustrated in Fig. 4 . Table 2 also includes the current information available on maternal-fetal transfer and previous literature on the main metabolites detected in the study.
Discussion
PE is a complex disorder affecting the health of both mother and newborn. To our knowledge, this study is the first one to apply LC-MS based metabolomics to determine whether the metabolic profile of plasma from umbilical cord differs between infants born to PE and non-PE pregnancies. Our data clearly demonstrate that this strategy provides a global picture of the widespread metabolic alterations associated with PE and provides grounds for future studies. The main identified changes in PE newborns compared with non-PE newborns included increased levels of carnitine precursors and trimethylated compounds. All main findings of identified metabolites are further discussed below. However, we are not able to demonstrate whether these or other observed changes are a consequence of PE or do they play a role in the pathogenic process itself. They may also represent maternal and/ or fetal compensatory mechanisms e.g. due to oxidative stress.
Carnitine and acylcarnitines. The observed increased levels of carnitine, precursors of carnitine and acylcarnitines indicate that the carnitine biosynthesis and mitochondrial β-oxidation processes are altered in the PE. Previously, abnormalities of lipid metabolism, particularly impaired fatty acid oxidation, are recognized features of PE and are thought to contribute through endothelial dysfunction leading to vascular remodeling and atherosclerosis 17 . Very recent findings provide further evidence that the compromised lipid metabolism in PE may result from dysfunctional mitochondria 8 . Previously it has been shown that plasma carnitine concentrations are significantly higher in preterm infants than in term ones and there is a significant negative correlation between gestational age and plasma carnitine concentration 18 . We also observed this association between carnitine levels and gestational weeks but only in PE infants. Carnitine is responsible for the transport of lipids from the cytoplasm into the mitochondria for energy metabolism. It is made primarily in the liver and kidneys, which are both significantly affected in PE 19 . Carnitines inhibit oxidative stress and prevent lipid peroxidation. Both of these are also important pathological processes in PE. Moreover, adequate levels of carnitine are crucial in the neonatal period, since the mitochondrial oxidation of fatty acids is essential for meeting the tremendous energy needs of newborns who have very little stored glycogen 20 . Previously, Ilsinger et al. 21 have shown free carnitine to be higher in the newborns of PE women. They have also demonstrated that the concentration of carnitine was higher in the PE newborns than in the maternal samples. Carnitine supply is thought to be primarily met through placental carnitine uptake from the maternal circulation 22 . Alternatively, higher carnitine levels in infants from PE pregnancies may also result from upregulated fetal or placental biosynthesis 23 . To our knowledge this is a first study to report elevated levels of carnitine precursors (trimethyllysine and gamma-butyrobetaine) in the cord plasma of newborns of PE pregnancy. In addition to microbiota dependent metabolism from carnitine, gamma-butyrobetaine is also produced endogenously from trimethyllysine 24 . Whether the increased concentrations observed in PE newborns reflect the increased need of carnitine or some other mechanism, remain to be elucidated. Currently, the knowledge on the role of carnitine precursors in different diseases is sparse. However, elevated serum levels of both gamma-butyrobetaine and trimethyllysine are shown to be associated with increased risk of cardiovascular death 25 . Furthermore, very recently Strand et al. 26 demonstrated that serum levels of gamma-butyrobetaine and trimethyllysine predict long-term risk of type 2 diabetes independently of traditional risk factors, possibly reflecting dysfunctional fatty acid metabolism.
In addition to the various carnitine metabolites, we also detected increased levels of other trimethylated compounds, namely choline, glycine betaine and 5-AVAB in the PE pregnancies when compared to the non-PE newborns. A recent investigation described a group of trimethylated compounds, including 5-AVAB, to be associated with consumption of diets rich in whole-grains 27 . Furthermore, 5-AVAB has been shown to inhibit carnitine transporter OCTN2 dependent intake of L-carnitine in mouse and human cultured cardiomyocytes 28, 29 . OCTN2 is also responsible for carnitine intake in the placental tissue 22 . In general the clear increase in various trimethylated compounds may indicate the fetus's high demand for choline and methyl donors, as has been suggested also earlier 30 . Previously, the rise in maternal plasma choline concentrations during pregnancy has been shown to reflect the mobilization of maternal hepatic choline stores and increase in estrogen. In rats and mouse models it has been shown that high choline intake during gestation and early postnatal development improves cognitive function in adulthood and prevents age-related memory decline 31 . Carnitine has also a role in removing excess toxic metabolites, e.g. acyl groups which are excreted as acylcarnitines by the kidneys. We also observed elevated levels of acylcarnitines (buturylcarnitine and octenoylcarnitine). Acylcarnitines have been previously investigated in maternal samples as potential biomarkers for PE throughout the pregnancy 12 . Whereas to our knowledge only Illsinger et al. 21 has shown that impaired mitochondrial function and reduced capacity of fatty acid oxidation leads to accumulation of acylcarnitines in the newborns.
Urea cycle. The observed increased levels of urea, creatine, creatinine, homocitrulline and guanidinopropionate in the cord plasma samples of the PE newborns indicate altered function of the urea cycle compared to the non-PE newborns. Urea and creatinine levels are known for long to be increased in women with PE 32,33 . Roopnarinesingh et al. 32 have also reported elevated levels of urea and creatinine in the amniotic fluid of PE women, despite an insignificant increase in urea and creatinine concentrations in maternal and fetal plasma. In line with our results, Sharma et al. 33 have demonstrated increased urea concentrations in the umbilical cord blood of infants born to women with severe PE. Thus, it is possible that these changes in the cord blood reflect a derangement in the mechanism required for the elimination of these metabolites from the maternal and/or from the fetal compartment.
Phosphatidylcholines (PCs).
PCs are glycerophospholipids, where phosphorylcholine moiety occupies a glycerol substitution site. They are major component of biological membranes. In previous studies PC content in placental tissue of PE-women has been observed to be higher than in placental tissue of non-PE women 34 . We detected PC(16:1/18:1), PC(16:0/16:0), and PC(16:0/18:1) to be increased in cord plasma of PE newborns. 16:0 most likely represent palmitic acid; 16:1 palmitoleic acid and 18:1 vaccenic acid, elaidic or oleic acid. This may be related to the inflammatory response present in PE, since it has been indicated that among acyl-lysophospholipid species, lysoPC16:0 and lysoPC18:0 exert the greatest pro-inflammatory activities, such as cytokine secretion 35 . On the other hand, PC(16:0/16:0) is known to have a central role in the function of pulmonary surfactant 36 . Lindsay et al. 37 have speculated earlier that during normal pregnancy increasing maternal plasma concentrations of PCs indicate the enhanced role of phospholipids in non-esterified fatty acids transport to the fetus as pregnancy progresses. Whereas Schott et al. 38 have stated that PE is a disorder in phospholipid metabolism in which malfunctioning of cellular membranes seems to play a major pathogenic role. These alterations could be a source of placental pathological changes in PE, such as lipid peroxide insult or dysregulation of lipid transport across the syncytiotrophoblast 34 . A high negative correlations between PCs, birth weight and SD observed in this study would strengthen this view.
4-pyridoxic acid. 4 -pyridoxic acid is a vitamin B6 catabolite excreted into the urine 39 . Levels are reported to be elevated in renal insufficiency and have a strong, positive correlation with plasma urea and creatinine 40 . Clearances of both 4-pyridoxic acid and creatinine increase during normal pregnancy presumably resulting from increased renal perfusion. Thus, we could speculate that the observed decreased concentrations in PE newborns may be due impaired maternal renal perfusion. On the other hand, Kliger et al. 41 have shown already several decades ago that PE ("toxemic") placentas are characterized by marked pyridoxine deficiency due to lowered pyridoxal kinase activity in the placenta as compared with that observed in the normal organ.
2PY. N-methyl-2-pyridone-5-carboxamide (2PY) is a major metabolite of nicotinamide and it has been identified as a uremic toxin 42 . To our knowledge, this is first study to report this compound in pregnancy and in PE. Previously, it has been shown that the accumulation of 2PY occur in renal failure and might contribute directly to the signs and symptoms of uremia 43 . Thus, one could speculate that the elevated levels observed in the cord plasma of PE newborns may be related to the impaired maternal/fetal renal function. Interestingly, 2PY is also an inhibitor of the poly(ADP-ribose) polymerase, which is involved in regulation of DNA replication and repair 43 . However, its role in PE remains to be elucidated. Polyamines. We detected two putrescine metabolites, acetylputrescine and 4-acetamidobutanoate to be increased in the cord plasma of PE newborns. Putrescine belongs to the group of polyamines which are essential for early embryonic development and successful pregnancy outcome 44 . They exert effects that include stimulation of cell division and proliferation, gene expression for the survival of cells, DNA and protein synthesis, regulation of apoptosis, oxidative stress, angiogenesis, and cell-cell communication activity 44 . Their role in PE is very little studied. Nitric oxide (NO) and polyamines are both products of L-arginine metabolism and it is thought that the L-arginine-NO-polyamine pathway may have a physiological role during pregnancy. To our knowledge, only Sooranna et al. 45 have measured polyamine concentrations in first trimester and term placentae from normal and PE pregnancies, but no difference was observed.
Tryptophan metabolites. We observed levels of two tryptophan metabolites, indolelactic acid and indolecarboxylic acid to be elevated in the cord plasma of PE newborns. The essential amino acid tryptophan is particularly important in pregnancy, because of the increased demand for maternal protein synthesis and fetal requirements for growth and development 46 . Previous studies have shown that indoleamine 2,3-dioxygenase (IDO), an immunosuppressive enzyme that converts tryptophan to kynurenine, is expressed in the placenta and might play a role in the maintenance of pregnancy, although its associations with the pathogenesis of PE remain unclear 47 . Indolecarboxylic acid is a known inhibitor of lipid peroxidation and therefore increased levels observed in PE could be associated with the altered mitochondrial function also observed. Indolelactic acid is less studied but Morita et al. 48 have shown indolelactic acid levels to be higher in umbilical plasma than in maternal plasma during normal pregnancy.
Very recently, Gomez-Arango et al. 49 studied placental microbiome of pregnant overweight/obese women and found that pathways encoding tryptophan were highly enriched. Catabolism of tryptophan in the placenta is linked with the establishment and maintenance of the feto-maternal immune tolerance, placental circulation and growth and modulation of antimicrobial activity by inhibiting ascending infections from the vagina.
The results obtained from this study demonstrates the complexity of metabolic alterations and value of non-targeted metabolomic approach in evaluating the pathophysiology of PE. Although changes in single metabolites do not fully represent the underlying process, they provide a basis for further studies. Although it should be borne in mind that differences observed e.g. in carnitine metabolism represent multiple metabolites and thus systemic alterations could be expected. However, it remains unclear whether these changes are a consequence of PE or whether they play a key role in the pathogenic process itself. Furthermore, the changes observed may be due to small actual or relative birth weight of the PE newborns. Interestingly, very recently Robinson et al. 50 observed in line with our results a negative association between birth weight, indolelactic acid and PCs in a population based study. The additional effect of PE could be controlled by comparing results with small for gestational age, non-PE newborns. However, within this cohort we did not have such control newborns available. One could also speculate that feto-placental blood volume condition such as fetal hypovolemic state might have affected the results. However, the policies for timing of cord clamping were similar and the umbilical cord blood hemoglobin concentrations were within reference value in both groups (data not shown). Thus, we consider that the volume distribution does not explain the observed differences in metabolites.
Although the study contains relatively good number of samples, it lacks a validation procedure. In future with greater sample size it would be of interest to stratify PE women e.g. by parity, onset of PE or by the delivery mode. Moreover, in future it would of interest to explore whether the observed metabolic changes persist into later life and reflect the susceptibility to metabolic diseases in later life.
Maternal smoking, an important confounding factor, was an exclusion criteria in the present study. We were not able to control for maternal diet, because we did not have sufficient dietary data available to assess the effect. Furthermore, betamethasone was used for some of the PE women for the enhancement of fetal lung maturation when preterm delivery was imminent. There is possibility that the betamethasone treatment of those PE women have affected the metabolome of these infants. Furthermore, one could speculate that six of the PE women who suffered also from gestational diabetes may affects the results. Thus, the analyses were also re-performed without these mothers but only minor changes were observed (analyses not shown).
In conclusion, we clearly demonstrate that the LC-MS based strategy provides a global picture of the metabolic alterations associated with the PE newborns. We particularly observed enhanced carnitine biosynthesis and increased concentration of methyl donors. Whether these metabolic changes during early postnatal life are a consequence of PE or play a role in the pathogenic process itself remain to be elucidated.
